The present paper gives details of the structural response of titanium-based fiber metal laminates (TFML) subjected to high velocity impact. Dynamic perforation behavior of two different sample configurations, TFML-2/1 and 3/2 are presented. The behavior of the metal and composite layer is defined using two independent appropriate constitutive material models. Both experimental and numerically predicted residual velocity follows the Recht-Ipson model variation with impact velocity. Being larger in thickness, residual velocity, peak contact force and total energy absorbed were found to be larger for TFML-3/2 than 2/1. However, the contact duration was rather insignificantly affected. Having similar metal volume fraction (MVF), energy dissipated by means of plastic deformation of metal layers was found to be constant for both TFML configurations that were considered. The axisymmetric loading, boundary conditions and having balanced material property distribution along the principle axes resulted in doubly symmetric damage surfaces, both layer-wise and overall. The developed finite element (FE) model adequately simulated the contact behavior and all of the experimentally realized damage modes in the metal and composite layers and confirmed its reliability. Having limited experimental information, the obtained numerical information allows one to briefly understand the dynamic perforation behavior of TFML laminates.
Introduction
Over the past two decades, composite material application has been widespread to all forms of structures, ranging from uncritical secondary components to highly critical primary load carrying components. However, the brittle nature of composites and, consequently, their predisposition of fracture led to the resultant structures becoming highly sensitive and prone to sudden localized dynamic loads like high velocity and ballistic impact events e.g., bird strike in aviation, vehicle collision in automobile, armor plate of military personnel, etc. So far, many hybridization techniques have been investigated to improve the ballistic resistance of composite materials, such as the development of ceramic faced composite laminates as armor shields [1] , the invention of high strength light weight fibres like ultra high molecular weight polyethylene fibres (UHMWPE) [2] and the creation of multifunctional hybrids by interlaying brittle and ductile material layers with appropriate stack arrangement.
Fibre metal laminate (FML) is one such multifunctional hybrid material that combines metal and composite layers that exhibit enhanced energy absorption characteristics, excellent impact resistance and post impact damage tolerance compared to the structure being made of either metal or composite alone [3] . Although FML was initially developed to improve fatigue properties, it was later found that it is also good as an impact resistant material compared to monolithic aluminum alloy of the same aerial density [4] . Soon after the exploration of the successful FML concept in 1980, Vogelesang, Paalvast and Verbruggen of Delft University developed a specific FML variant for enhanced ballistic resistance, constituting Kevlar fabric layer between aluminium metal layers and covered by ceramic tiles [3] . As time progressed, many FML variants with different types of metal and composite constituents have been explored and investigated for ballistic reliability. The impact behavior of laminated materials including FML are majorly attributed by impact velocity regimes. In-plane stress governed by bending/membrane waves dominate the low velocity impact (LVI), while transverse shear stress governed by transverse shear waves dominate the high velocity ballistic impact (HVI) [5] . Hoo Fatt et al. [6] investigated the ballistic resistance of glass fibre based FML variant GLARE (Glass fibre reinforced aluminium laminates). Delamination along the metal-composite interface was found to be more dominant during ballistic impact, which greatly reduces the bending stiffness of FML laminate and causes the incorporated metal layer to deform more by membrane stretching. It was shown that deformation due to bending and membrane stretching of the layers accounted for nearly 92% of the total absorbed energy, and also showed that thinner FML panels absorb more energy than thicker counterparts. Compared to the equivalent mass of aluminium alloy, the ballistic limit of GLARE FML was noticed to be 15% larger. Cantwell et al. [7] [8] [9] [10] postulated a new family of thermoplastic-based fibre-metal laminates that were fabricated using aluminium alloy and E-glass/polypropylene (GFPP) for better ballistic resistance properties. A series of experimental and numerical studies confirmed their hypothesis that perforation resistance of thermoplastic-based FML was superior to thermoset (epoxy) based FML.
Cortés [11, 12] extended the thermoplastic concept to titanium-based fiber metal laminate (TFML) through replacing aluminum metal layer to titanium. Including excellent strength-to-weight ratio, low density and better corrosion resistance, the lower thermal expansion coefficient of titanium alloy [13] in combination with carbon fiber-reinforced polymer extend the application of TFML to high temperature environments. A recent experimental study explored the role of different fiber reinforcements on the ballistic response of TFML [14] . The incorporation of high flexible, high strength and low interlaminar shear resistant UHMPWE fiber layer was found to increase the ballistic limit by up to 30% more than the TFML of the same aerial weight made from carbon fiber reinforced polymer (CFRP) layer.
Unlike quasi-static indentation and low velocity impact study, the information attributed from ballistic experiments is fairly scarce. The sudden abrupt ballistic event limits the real-time quantitative output extraction necessitate high-speed complex device to monitor the projectile/target behavior and often makes it difficult to achieve good repeatability. Moreover, extracted information is primarily based on projectile characteristics and, apart from post mortem study, no other pertinent information was ascertained about target behavior. These limitations gave researchers impetus to perform virtual ballistic simulations by developing a reliable finite element (FE) model to characterize the whole behaviour through detailed quantitative information.
Modelling aspects governing the numerical simulation of metal and composite structures subjected to ballistic perforation were found in the literature [15] [16] [17] [18] [19] [20] [21] . There has been considerable work carried out on numerical response of FML too. Liaw et al. [22, 23] investigated the stacking sequence and thickness influence of GLARE 5 FML laminates to ballistic impact load using LS-DYNA finite element code. Johnson Cook (JC) criteria and chang-chang damage criteria was used to model aluminium layer plasticity and GFRP layer failure modes. Thermal effects and damage of the aluminum layer were ignored in the developed model. It was found that cross ply composite reinforcements in FML offered the highest contact resistance and also dissipated more energy compared to other stacking reinforcements. With an increase in FML thickness, the ballistic limit velocity was found to vary quadratically. Soutis et al. [24] utilized a similar FE model along with the inclusion of the metal-composite interface (MCI) de-bonding definition to test the durability of GLARE under blast load. Vo et al. [10] studied the influence of different aluminium alloys in thermoplastic-based FMLs using ABAQSU/Explicit commercial FE software and reported that FML with higher yield modulus and strength (Al 7075-T6) offered better blast resistance among the other tested candidates. JC criteria for metal layer plasticity and damage, Hashin 3D failure criteria and strain rate effect for woven composite layer and the introduction of cohesive elements between metal-composite interface (MCI) are the notable aspects. Since Hashin failure criteria is applicable for unidirectional (UD) lamina, the woven composite lamina was modelled by defining independent material orientation by [0/90] UD pair. Sitnikova et al. [25] improved the composite failure criteria with a set of quadratic based tension-shear and compressive failure criteria for weft and warp fibre directions of woven lamina in their FE model. Good agreements with published experimental damage shapes had proven the ability of a user-defined woven fabric failure model. Failure theories based on multi-continuum theory (MCT) had shown excellent agreement to predict constituent level (warp, weft fibers and matrix) damage modes for plain weave woven composite materials [26, 27] .
Kotzakolios et al. [28] extended the numerical study of ballistic loading to complex real structures. An attempt was made to investigate the reliability of GLARE FML for aircraft fuselage structure using LS-DYNA finite element code. In spite of certain limitations, the study confirmed that FEM would be an economic tool that would be able to optimize the initial considered design.
Like GLARE FML, in-depth numerical investigation about dynamic blast and the perforation behavior of TFML is not available in the literature. Nakatani et al. [29] numerically investigated the low velocity behavior of TFML laminate. The material model that was used to model TFML was JC plasticity for titanium and 2D Hashin failure criteria for the composite layer. Being compatible with carbon/graphite fibers and exhibiting excellent ballistic resistance (compared to aluminium and steel of the same aerial weight), the complete understanding of Titanium combined with carbon fiber based FML may be viable to applications like armors, impact critical high temperature shells, etc.
In this motive, this article investigates the dynamic perforation behavior caused by ballistic impact loading of TFML samples made of different stacking arrangement through finite element simulation. The fidelity of obtained numerical results were compared with residual velocity of projectile and post-damage experimental results [14] . Some insight details, such as the contact force history, energy dissipation mode, damage surface of each material layers and their constituents, which are feasible solely by numerical simulation, are presented.
Materials
The TFML samples that were investigated were fabricated from a Ti-6Al-4V Titanium alloy and plain weave carbon fabric (HexForce™ 282, 3 K, supplied by Hexcel Corporation, Stamford, CT, USA). The thickness and areal density of the titanium sheets were 0.5 mm and 0.226 g/cm 2 , respectively; whereas, the areal density of plain-woven carbon fabric was 197 g/m 2 . Epoxy matrix resin (Eploam 5015/5015 supplied by Axson Technologies, Shanghai, China) was used to reinforce carbon fabrics and to bond them with the titanium layer by the hand lay-up process. In order to enhance the bonding between Ti sheet and CFRP, the titanium sheets were annealed in a furnace at 500 • C for 8 h to form an 8 µm oxide layer [14] . Four plies of carbon fabric were placed between two titanium sheets, and the titanium sheets were aligned such that their rolling directions were parallel, as shown in Figure 1a . A vacuum bagging process was used to absorb excess resin and to promote curing of the epoxy. The samples were cured at room temperature for 24 h and were then placed in an oven for post-curing at 80 • C for 16 h. The fabricated samples were cut into 100 mm × 100 mm squares using water-jet cutting.
Two TFML sample configurations were investigated, 2/1 and 3/2, where fraction A/B, A and B represent the number of metal and composite layers that were stacked to fabricate TFML. In the finite element model, the panel thickness was considered as the average value of the samples that were investigated in the experimental study. The metal volume fraction (MVF) that was stated by the ratio of volume of metal layer to volume of TFML was around 0.5 for both 2/1 and 3/2 panels, regardless of 
Overview of the Experimental Study
The test set-up consisted of a gas gun, laser velocimeter, high-speed camera and specimen clamps, as shown in Figure 1 . TFML specimens were clamped along their edges between two steel plates with circular openings; this exposed a circular target area 76 mm in diameter. A 12 mm diameter, 7 g steel sphere was launched by the gas gun to impact the specimens at the center at normal incidence. The impact velocity (Vi) was derived by measuring the time taken by the projectile to cut the two laser beams in its trajectory, and the residual velocity (Vr) of the projectile was measured through a high-speed camera according to the following equations:
where ∆S1 and ∆S2 are the distance between the two laser beams and two mirrors, respectively and ∆t1, and ∆t2 are the respective time magnitude that were taken by the projectile. It should be noticed that the measurement difference for Vi impact velocity between the laser velocimeter and high-speed camera was less than 2%, thus, the residual velocity that was measured by the high-speed camera is credible. The ballistic velocity limit (Vb), which is defined as the lowest impact velocity required for complete perforation, was found for each TFML sample by impacting the sample at different velocities ranging from no perforation to complete perforation. Detailed information about the experimental test methodology can be found in reference [14] .
Numerical Simulation
The ballistic impact experiment that was described in the prior section was simulated using the commercial explicit finite element platform, ABAQUS/Explicit. The main objective of the numerical analyses was to develop a model that simulated the experimentally observed failure modes and to understand the dynamic behavior of the hybrid TFML target in detail. 
Overview of the Experimental Study
The test set-up consisted of a gas gun, laser velocimeter, high-speed camera and specimen clamps, as shown in Figure 1 . TFML specimens were clamped along their edges between two steel plates with circular openings; this exposed a circular target area 76 mm in diameter. A 12 mm diameter, 7 g steel sphere was launched by the gas gun to impact the specimens at the center at normal incidence. The impact velocity (V i ) was derived by measuring the time taken by the projectile to cut the two laser beams in its trajectory, and the residual velocity (V r ) of the projectile was measured through a high-speed camera according to the following equations:
where ∆S 1 and ∆S 2 are the distance between the two laser beams and two mirrors, respectively and ∆t 1 , and ∆t 2 are the respective time magnitude that were taken by the projectile. It should be noticed that the measurement difference for V i impact velocity between the laser velocimeter and high-speed camera was less than 2%, thus, the residual velocity that was measured by the high-speed camera is credible. The ballistic velocity limit (V b ), which is defined as the lowest impact velocity required for complete perforation, was found for each TFML sample by impacting the sample at different velocities ranging from no perforation to complete perforation. Detailed information about the experimental test methodology can be found in reference [14] .
Numerical Simulation
The ballistic impact experiment that was described in the prior section was simulated using the commercial explicit finite element platform, ABAQUS/Explicit. The main objective of the numerical analyses was to develop a model that simulated the experimentally observed failure modes and to understand the dynamic behavior of the hybrid TFML target in detail.
Constitutive Material Model
Undamaged and damaged response of metal and fibre reinforced composite layer was simulated by defining two separate non-interactive constitutive material models. The hydrodynamic behavior of the metal layers due to the sudden shock wave fashion of the stress propagation that was caused by the high velocity ballistic impact was modelled using the Mie-Gruneisen equation of state (EOS) model [17] . Mechanical behavior of metal was defined using the linear isotropic elasticity definition, and the subsequent plastic behavior follows the Johnson-Cook (JC) based plasticity model. Correspondingly, the Johnson Cook dynamic damage failure criteria modelled the failure response of the metal layers, which accounts not only for the strain rate effects, however also for the temperature influence on damage initiation, which is important for sudden dynamic loading cases like ballistic impact [30] .
For the composite layer, the mutually perpendicular directional dependent elastic behavior was defined as orthotropic property. Distinct failure modes that were attributed by the fibre and matrix components of the composite layers were modelled using the multi-continuum based mode wise failure model that was provided by the Autodesk simulation composite analysis, 2015 [31] . Replicating sudden catastrophic fracture nucleation, zero fracture energy based propagation criterion was used to model instantaneous damage evolution on both the metal and composite layer. Material data that was used to define the titanium metal and CFRP composite material models are listed in Tables 2 and 3 , respectively. A detailed mathematical description about these constitutive material models is provided in Appendices A and B. Table 2 . Titanium Ti-6Al-4V material properties. 
Input Parameters for the Mie-Gruneisen Equation of State (EOS) Model

Initial and Boundary Conditions
The TFML plate was perfectly clamped along its circumferential perimeter by constraining both translational and rotational degrees of freedom using ENCASTRE boundary type. Contact interactions between the steel impactor and the TFML target were introduced using general contact algorithm with a frictionless assumption between the two mating surfaces. Such an assumption is greatly valid since sudden low mass and large energy impact situations allow the target panel to undergo large sliding deformations and relative displacement between the mating surfaces that are not predominant.
The interface region between the titanium and CFRP composite layers are assumed to be perfectly bonded using the tie constraint definition for the following two reasons. First, in contrast to low velocity impact, the interface influence on damage initiation to the adjacent layers was not significant for ballistic impact. This is because the stress waves that originated under the contact point travelled at a very high velocity and the time to surpass the thin interface and reach the bottom most material layer of the laminate is extremely small, which eventually resulted in highly localized perforated damage with not much disturbance along the interface region. Second, the amount of energy dissipated by the thin interface region is negligibly small compared to the overall absorbed energy of the TFML panel. Thus, the resultant characteristic curves and damage locus shows rather significant variation for the samples, irrespective of the degree of interface adhesion [34] .
To apply the known incident kinetic energy to the target at time t = 0, constant mass and predefined velocity magnitude are defined via the reference point coupled to the steel projectile. The resultant contact force history induced over the projectile surface is retrieved through the reference point using the inbuilt total contact force history output variable CFT.
Element and Mesh Details
Both titanium and CFRP composite layers were discretized using three-dimensional reduced integrated solid element (C3D8R). This element type includes all six components of induced stresses which are dominant for the case of high energy out-of-plane ballistic impact loading. The density of steel is comparatively two times larger than the density of the impact face titanium layer of the TFML panel. No distortion in shape or damage was noticed on the steel projectile for all of the impact velocity range in the experimental study. Thus, the steel projectile is defined as rigid body and discretized using three-dimensional rigid solid element (R3D8R). This assumption greatly saves the computational cost and time of each simulation.
Reduced integrated elements (C3D8R) are tolerant to shape distortion, however it often tends to be excessively flexible and suffers a peculiar numerical difficulty called the hourglassing effect, which causes a zero-energy mode deformation response. In the current simulation, enhanced hourglass stiffness is set to avoid such a non-physical response [35] . Mesh distribution is defined in a manner such that fine mesh was introduced around the impact region where strain gradients are much higher, and variably coarse meshes are employed near the boundary. Each material layer had four elements through the thickness to effectively model the bending deformation of the TFML panel. Figure 2 presents the geometry and boundary conditions of the finite element model that was used in the current study. 
Results and Discussion
Numerical predictions were validated with experimental findings by comparing the residual velocity of the projectile. Following that, parameters like projectile kinetic energy, amount of energy transfer, contact force and time variation, overall energy absorbed and energy absorbed which correspond to plastic deformation of the titanium layers of TFML panels were investigated. Damage progression and resultant damage shapes of each material layer of the TFML target which were predicted by the numerical model are presented in comparison with the experimental observations.
Projectile Velocity (Vp)
Incident impact velocity (Vi) of the projectile is the primary stimuli which determines the nature of impact deformation and the level of catastrophe on the target. Based on the magnitude of projectile velocity at the end of the contact event (Vp), it can be stated as three distinct forms.
1. Rebound velocity (Vrb): For impact velocity smaller than the ballistic velocity (Vi < Vb), the incident kinetic energy ( ) of the projectile is not enough to perforate the target and the projectile rebound back after it transforms all of its energy to the target. In this case, the velocity of the projectile (Vp) monotonically decreases to the rebound velocity by passing through zero (Vrb < 0) at which the projectile regains kinetic energy through the elastic rebound of the target and bounces back in the opposite direction. 2. Ballistic velocity (Vb): At impact velocity equals the ballistic velocity (Vi = Vb), the kinetic energy of the projectile ( ) is just enough to completely perforate the target and the velocity of the projectile becomes zero (Vp = 0) at the end of the contact event. 3. Residual velocity (Vr): For impact velocity larger than the ballistic velocity (Vi > Vb), only a small fraction of the kinetic energy of the projectile ( ) is enough to perforate the target and the projectile continues its travel through the target just like a rigid body at a constant residual velocity (Vp = Vr).
A plot of the residual impact velocity as a function of impact velocity obtained from experimental tests and numerical simulations for TFML 2/1 and 3/2 samples is illustrated in 
Results and Discussion
Projectile Velocity (Vp)
Incident impact velocity (V i ) of the projectile is the primary stimuli which determines the nature of impact deformation and the level of catastrophe on the target. Based on the magnitude of projectile velocity at the end of the contact event (V p ), it can be stated as three distinct forms.
1.
Rebound velocity (V rb ): For impact velocity smaller than the ballistic velocity (V i < V b ), the incident kinetic energy (E p k ) of the projectile is not enough to perforate the target and the projectile rebound back after it transforms all of its energy to the target. In this case, the velocity of the projectile (V p ) monotonically decreases to the rebound velocity by passing through zero (V rb < 0) at which the projectile regains kinetic energy through the elastic rebound of the target and bounces back in the opposite direction.
2.
Ballistic velocity (V b ): At impact velocity equals the ballistic velocity (V i = V b ), the kinetic energy of the projectile (E p k ) is just enough to completely perforate the target and the velocity of the projectile becomes zero (V p = 0) at the end of the contact event.
3.
Residual velocity (V r ): For impact velocity larger than the ballistic velocity (V i > V b ), only a small fraction of the kinetic energy of the projectile (E 
Moreover, the negligence of the rolling effect of the metal layer and the assumption of perfect circular target plate boundary with no slippage might also influence the conservative prediction of the numerical model in the lower impact velocity range. As observed in the experiments, the measured primary material properties are too sensitive to the rolling direction. Moreover, even though the TFML target panels are clamped firmly with a proper fixture, the post observation of the target surface ensures that there exists a slippage which might relax the panel to bend and, in turn, enhance the perforation resistance.
(a) (b) At a lower impact velocity range, the numerically predicted V r was found to be larger than the experimental magnitude. However, such a difference was approaching smaller at a higher impact velocity range. At a lower impact velocity range, the fragments of perforated front layers were still in contact with the target hold by the petals of the bottom metal layers. Such scenarios might increase the perforation resistance of TFML and cause a smaller magnitude in the experimental study. However, the imposed precautionary simplification in the numerical model to avoid earlier abortion because of excessive element distortion that was caused by localized large deformation might be the reason for such initial under-prediction. Instantaneous damage evolution, which controls the element deletion, was defined with zero magnitude for fracture energy. This assumption validate correlates extremely well for high impact velocities, since the perforation at these velocities is extremely instantaneous. Moreover, the negligence of the rolling effect of the metal layer and the assumption of perfect circular target plate boundary with no slippage might also influence the conservative prediction of the numerical model in the lower impact velocity range. As observed in the experiments, the measured primary material properties are too sensitive to the rolling direction. Moreover, even though the TFML target panels are clamped firmly with a proper fixture, the post observation of the target surface ensures that there exists a slippage which might relax the panel to bend and, in turn, enhance the perforation resistance.
The amount of energy transferred to the target from projectile, E p t was determined by substituting the predicted V r to Equation (4) given in [37] ; (5); Figure 4 shows the variation of projectile kinetic energy of the TFML-2/1 and TFML-3/2 panel with respect to their corresponding impact energy that was predicted from numerical simulation. Both of the TFML configurations exhibited an exponential decay of energy ratio with an increase in impact energy. As expected, the energy transferred in the TFML-3/2 panel is larger than that in the TFML-2/1 panel because of the larger thickness that was provided by the additional metal/composite layers. Observation of a similar sort of variation and constant energy change difference between the TFML-2/1 and 3/2 samples signifies that the stacking configuration does not alter the nature of the energy absorbing behavior over the range of the incident impact energy on the considered TFML panels. The amount of energy transferred to the target from projectile, was determined by substituting the predicted Vr to Equation (4) given in [37] 
Knowing , the change in the projectile kinetic energy (incident impact energy), because of energy transfer can be found by dividing to as given in Equation (5); = (5) Figure 4 shows the variation of projectile kinetic energy of the TFML-2/1 and TFML-3/2 panel with respect to their corresponding impact energy that was predicted from numerical simulation. Both of the TFML configurations exhibited an exponential decay of energy ratio with an increase in impact energy. As expected, the energy transferred in the TFML-3/2 panel is larger than that in the TFML-2/1 panel because of the larger thickness that was provided by the additional metal/composite layers. Observation of a similar sort of variation and constant energy change difference between the TFML-2/1 and 3/2 samples signifies that the stacking configuration does not alter the nature of the energy absorbing behavior over the range of the incident impact energy on the considered TFML panels. Figure 5 shows the contact force history of the TFML-2/1 sample with respect to contact time for different impact velocities. A similar response has also been observed for the TFML-3/2 sample case. At a low impact velocity range, the force variation looks smooth and no apparent peak exists on both of the sample configurations; while at a higher impact velocity range, the force history had a pulsating response with a series of abrupt load drops. The amplitude of the force peaks and the pulsation excitation were grown larger with an increase in impact velocity. Higher order vibrations that were excited due to sudden stress shock waves that were caused by high velocity impact might be the primary source for such oscillatory force response behavior. Figure 5 shows the contact force history of the TFML-2/1 sample with respect to contact time for different impact velocities. A similar response has also been observed for the TFML-3/2 sample case. At a low impact velocity range, the force variation looks smooth and no apparent peak exists on both of the sample configurations; while at a higher impact velocity range, the force history had a pulsating response with a series of abrupt load drops. The amplitude of the force peaks and the pulsation excitation were grown larger with an increase in impact velocity. Higher order vibrations that were excited due to sudden stress shock waves that were caused by high velocity impact might be the primary source for such oscillatory force response behavior. Figure 5 shows that the absolute peak force increases with increasing impact velocity. It also shows that the time required to completely perforate the TFML laminate (i.e., contact force decreases to zero) decreases with increasing impact velocities. In the context of impact dynamics, contact time is defined as the total time of contact interaction that was present between the projectile and target panel. For the case of ballistic impact (Vi > Vb), the above definition can be redefined as the time taken by the projectile to completely perforate the target and is termed perforation resistance. The magnitude of contact time is extremely important since it defines the level of resistibility that is provided by the target to avoid perforation. Figure 6 presents the variation of the contact time to the incident kinetic energy range that is simulated. As it can be seen, TFML targets of different stacking configuration (2/1 vs. 3/2) and thickness (1.8 mm vs. 3.16 mm) influence the contact time which attributes to the geometry parameters which have a negligible influence after ballistic limit. For both of the TFML sample cases, the perforation resistance observed decreases with increasing impact energy. Figure 5 shows that the absolute peak force increases with increasing impact velocity. It also shows that the time required to completely perforate the TFML laminate (i.e., contact force decreases to zero) decreases with increasing impact velocities. In the context of impact dynamics, contact time is defined as the total time of contact interaction that was present between the projectile and target panel. For the case of ballistic impact (V i > V b ), the above definition can be redefined as the time taken by the projectile to completely perforate the target and is termed perforation resistance. The magnitude of contact time is extremely important since it defines the level of resistibility that is provided by the target to avoid perforation. Figure 6 presents the variation of the contact time to the incident kinetic energy range that is simulated. As it can be seen, TFML targets of different stacking configuration (2/1 vs. 3/2) and thickness (1.8 mm vs. 3.16 mm) influence the contact time which attributes to the geometry parameters which have a negligible influence after ballistic limit. For both of the TFML sample cases, the perforation resistance observed decreases with increasing impact energy. Figure 5 shows that the absolute peak force increases with increasing impact velocity. It also shows that the time required to completely perforate the TFML laminate (i.e., contact force decreases to zero) decreases with increasing impact velocities. In the context of impact dynamics, contact time is defined as the total time of contact interaction that was present between the projectile and target panel. For the case of ballistic impact (Vi > Vb), the above definition can be redefined as the time taken by the projectile to completely perforate the target and is termed perforation resistance. The magnitude of contact time is extremely important since it defines the level of resistibility that is provided by the target to avoid perforation. Figure 6 presents the variation of the contact time to the incident kinetic energy range that is simulated. As it can be seen, TFML targets of different stacking configuration (2/1 vs. 3/2) and thickness (1.8 mm vs. 3.16 mm) influence the contact time which attributes to the geometry parameters which have a negligible influence after ballistic limit. For both of the TFML sample cases, the perforation resistance observed decreases with increasing impact energy. Figure 6 . Contact force history of TFML panels at different impact velocity.
Contact History
Energy Dissipation
Under localized transverse ballistic load conditions, FML panels dissipate the incident impact kinetic energy by the following forms in general [38] :
• Undergo global and local plastic deformation.
•
Creating different fibre/matrix failure modes of composite layers.
Forming petaling fracture and bending of petals on the bottom metal surface.
• Shear plugging on top of the impacted metal surface.
Energy dissipation in the form of heat, vibration and interlaminar/interface damage are minor, and their proportion is negligibly small compared to the overall absorbed energy. Amongst it all, the energy dissipation in the form of plastic deformation of the metal layer is relatively dominant compared to the other dissipation forms. Figure 7 shows the variation of the total internal energy absorbed by the TFML panel and the plastic energy absorbed by the titanium layers. The percentage of both energy magnitudes are found to continuously increase with increases in impact kinetic energy. The presence of an additional metal layer allows the TFML-3/2 target to absorb more energy than the TFML-2/1 panel that has only two metal layers.
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Energy dissipation in the form of heat, vibration and interlaminar/interface damage are minor, and their proportion is negligibly small compared to the overall absorbed energy. Amongst it all, the energy dissipation in the form of plastic deformation of the metal layer is relatively dominant compared to the other dissipation forms. Figure 7 shows the variation of the total internal energy absorbed by the TFML panel and the plastic energy absorbed by the titanium layers. The percentage of both energy magnitudes are found to continuously increase with increases in impact kinetic energy. The presence of an additional metal layer allows the TFML-3/2 target to absorb more energy than the TFML-2/1 panel that has only two metal layers. In the interply fashion of hybridization which has a brittle and ductile material layer like FML, the level of plastic flow in the ductile layer depends on the fraction of deformation resistance that is provided by the adjacent brittle layer. In the considered TFML configurations, the volume fraction of metal to whole laminate, so called metal volume fraction (MVF) is approximately constant, as listed in Table 1 . This fact reflects in the magnitude of plastic energy that is dissipated by the titanium layers on both samples. As seen in Figure 7 , the relative percentage of plastic energy to total energy absorbed was found to be constant for about 50% of the tested impact energy range. Figure 8 illustrates the numerically predicted laminate and layer-wise perforated damage shapes of the TFML 3/2 panels, respectively. Complete perforation caused by circular projectile creates a dome shape petaling crack on the backside titanium layer, while the front side titanium layer undergoes severe localized plugging failure [39] . Having balanced the orthotropic CFRP material property definition, axisymmetric loading and boundary conditions, the damaged surfaces of every layer in the laminate is doubly symmetrical in nature. Analyzing from the front to the back layer of the laminate, the damaged area of the titanium and CFRP composite layers gradually increases. The cross-sectional view explores the inverse pine tree pattern of damage evolution-a characteristic damage pattern for thin layered panels that are subjected to impact loads [40] . In the interply fashion of hybridization which has a brittle and ductile material layer like FML, the level of plastic flow in the ductile layer depends on the fraction of deformation resistance that is provided by the adjacent brittle layer. In the considered TFML configurations, the volume fraction of metal to whole laminate, so called metal volume fraction (MVF) is approximately constant, as listed in Table 1 . This fact reflects in the magnitude of plastic energy that is dissipated by the titanium layers on both samples. As seen in Figure 7 , the relative percentage of plastic energy to total energy absorbed was found to be constant for about 50% of the tested impact energy range. Figure 8 illustrates the numerically predicted laminate and layer-wise perforated damage shapes of the TFML 3/2 panels, respectively. Complete perforation caused by circular projectile creates a dome shape petaling crack on the backside titanium layer, while the front side titanium layer undergoes severe localized plugging failure [39] . Having balanced the orthotropic CFRP material property definition, axisymmetric loading and boundary conditions, the damaged surfaces of every layer in the laminate is doubly symmetrical in nature. Analyzing from the front to the back layer of the laminate, the damaged area of the titanium and CFRP composite layers gradually increases. The cross-sectional view explores the inverse pine tree pattern of damage evolution-a characteristic damage pattern for thin layered panels that are subjected to impact loads [40] . Figure 9 illustrates the cross-sectional damage of the TFML 3/2 panels at different stages of perforation when impact is at 403 m/s. The perforation resistance of each material layer on an interply hybrid laminate is inherently dependent on the level of failure interaction between distinct adjacent material layers to overall local/global laminate deformation. As observed, the perforation in TFML is layer-wise progressive in nature. The strong interaction of different levels of deformation (δi) to different failure surface nucleation is highly evident while investigating the damage evolution at different contact times (tc).
Damage Morphology
The order of damage progression and failure of material layers on the TFML-3/2 panel are as follows:
i.
Compressive contact pressure due to the projectile impact causes localized dent deformation under the contact area. (Figure 9b ) ii.
Damage occurs in CFRP composite layers caused by matrix cracking and fibre fracture failure modes. The damage originates first in the top CFRP layer and then spreads to the bottom layer at higher displacement of the projectile. (Figure 9b ,c) iii.
Fracture in the titanium layer occurs first at the bottom side and soon after the other metal layers are instantaneously fractured. The state of damage at this stage is termed as "complete penetration" denoting that damage occurs to all layers in the TFML panel. (Figure 9d ) iv.
The projectile perforated through damaged layers of the laminate postulated here as "partial perforation" where the projectile does not eject and still holds contact with the completely penetrated target. (Figure 9e ) v.
Finally, the "complete perforation" stage is reached, where the projectile completely lost its contact with the target and continues at constant residual velocity (Vr). At this point, the contact force that is resisted by the target reads zero. (Figure 9f ) Figure 9 illustrates the cross-sectional damage of the TFML 3/2 panels at different stages of perforation when impact is at 403 m/s. The perforation resistance of each material layer on an interply hybrid laminate is inherently dependent on the level of failure interaction between distinct adjacent material layers to overall local/global laminate deformation. As observed, the perforation in TFML is layer-wise progressive in nature. The strong interaction of different levels of deformation (δ i ) to different failure surface nucleation is highly evident while investigating the damage evolution at different contact times (t c ).
Finally, the "complete perforation" stage is reached, where the projectile completely lost its contact with the target and continues at constant residual velocity (V r ). At this point, the contact force that is resisted by the target reads zero. (Figure 9f ) The failure progression of TFML-2/1 also develops a similar damage scenario where the middle CFRP layer fails first, followed by the bottom and top metal layers showing petaling failure on the backside and plugging failure on the front. Figure 10 illustrates the observed experimental and numerical plugging and petaling damage surface of the front and back sides of the metal layer of TFML, respectively. The close observation of the cross sectional damage surface in Figure 9d -f shows that the plan area of the damaged surface that was found expanded during projectile perforation. As a result, the final damage locus that nucleated on every material layer is found to expand over a larger area than the maximum contact area as shown for the TFML-2/1 sample in Figure 11 . Good correlation between experimental and numerical predicted damage surfaces confirms the validity of the finite element model to produce all of the observed damaged surfaces. The failure progression of TFML-2/1 also develops a similar damage scenario where the middle CFRP layer fails first, followed by the bottom and top metal layers showing petaling failure on the backside and plugging failure on the front. Figure 10 illustrates the observed experimental and numerical plugging and petaling damage surface of the front and back sides of the metal layer of TFML, respectively. The close observation of the cross sectional damage surface in Figure 9d -f shows that the plan area of the damaged surface that was found expanded during projectile perforation. As a result, the final damage locus that nucleated on every material layer is found to expand over a larger area than the maximum contact area as shown for the TFML-2/1 sample in Figure 11 . Good correlation between experimental and numerical predicted damage surfaces confirms the validity of the finite element model to produce all of the observed damaged surfaces. The failure progression of TFML-2/1 also develops a similar damage scenario where the middle CFRP layer fails first, followed by the bottom and top metal layers showing petaling failure on the backside and plugging failure on the front. Figure 10 illustrates the observed experimental and numerical plugging and petaling damage surface of the front and back sides of the metal layer of TFML, respectively. The close observation of the cross sectional damage surface in Figure 9d -f shows that the plan area of the damaged surface that was found expanded during projectile perforation. As a result, the final damage locus that nucleated on every material layer is found to expand over a larger area than the maximum contact area as shown for the TFML-2/1 sample in Figure 11 . Good correlation between experimental and numerical predicted damage surfaces confirms the validity of the finite element model to produce all of the observed damaged surfaces. The numerically predicted fibre/matrix failure locus of the CFRP layers on the TFML-3/2 target is shown in Figure 12 . Both constituent failure modes are symmetric along the warp (global X-axis) and weft (global Y-axis) directions. The damage shape of the matrix failure emerges as rhombus in shape where the major and minor axes are coincident with the global laminate axes X and Y, respectively. The fibre failure resembles a peanut in shape, where the fibre damage is larger around the peripheral region of the projectile maximum contact area. For all the simulated impact velocity range, the damage area of both fibre and matrix failure modes are larger than the maximum contact area (shown as a white solid line). Furthermore, the larger bending deformation and tensile stress field causes larger damage to the CFRP layer that lies closer to the back side than the front side of the CFRP layer. In view of impact velocity influence, the matrix failure locus extends almost the same size whilst the fibre failure notably increases with increases in the projectile impact velocity. On comparing the damage locus of the CFRP layers with their adjacent titanium layers, the latter has a smaller damage area than the former because the titanium layer undergoes severe localized deformation under its contact area. The numerically predicted fibre/matrix failure locus of the CFRP layers on the TFML-3/2 target is shown in Figure 12 . Both constituent failure modes are symmetric along the warp (global X-axis) and weft (global Y-axis) directions. The damage shape of the matrix failure emerges as rhombus in shape where the major and minor axes are coincident with the global laminate axes X and Y, respectively. The fibre failure resembles a peanut in shape, where the fibre damage is larger around the peripheral region of the projectile maximum contact area. For all the simulated impact velocity range, the damage area of both fibre and matrix failure modes are larger than the maximum contact area (shown as a white solid line). Furthermore, the larger bending deformation and tensile stress field causes larger damage to the CFRP layer that lies closer to the back side than the front side of the CFRP layer. In view of impact velocity influence, the matrix failure locus extends almost the same size whilst the fibre failure notably increases with increases in the projectile impact velocity. On comparing the damage locus of the CFRP layers with their adjacent titanium layers, the latter has a smaller damage area than the former because the titanium layer undergoes severe localized deformation under its contact area. The numerically predicted fibre/matrix failure locus of the CFRP layers on the TFML-3/2 target is shown in Figure 12 . Both constituent failure modes are symmetric along the warp (global X-axis) and weft (global Y-axis) directions. The damage shape of the matrix failure emerges as rhombus in shape where the major and minor axes are coincident with the global laminate axes X and Y, respectively. The fibre failure resembles a peanut in shape, where the fibre damage is larger around the peripheral region of the projectile maximum contact area. For all the simulated impact velocity range, the damage area of both fibre and matrix failure modes are larger than the maximum contact area (shown as a white solid line). Furthermore, the larger bending deformation and tensile stress field causes larger damage to the CFRP layer that lies closer to the back side than the front side of the CFRP layer. In view of impact velocity influence, the matrix failure locus extends almost the same size whilst the fibre failure notably increases with increases in the projectile impact velocity. On comparing the damage locus of the CFRP layers with their adjacent titanium layers, the latter has a smaller damage area than the former because the titanium layer undergoes severe localized deformation under its contact area. One major advantage of FML being used for ballistic protection is the presence of an outer ductile metal layer which acts like a blockade and arrests the expulsion of broken CFRP fragments, which, in turn, protects the structure that is present behind the TFML target from multiple small impacts.
Concluding Remarks
A finite element model of titanium-based fibre metal laminate (TFML) panel that was subjected to high velocity impact by a rigid spherical steel projectile was presented. Flat TFML panels of two configurations; 1.85 mm thick 2/1 and 3.2 mm thick 3/2 targets were impacted with velocities ranging from 90 m/s to 400 m/s. The behavior of the TFML laminate was captured through defining an appropriate independent constitutive material model for the titanium layer and the plain weave CFRP layer. Output variables like projectile residual velocity, kinetic energy change, contact force history, contact time variation, layer and laminate level damage morphology were derived and were investigated. The main conclusions extracted from this study are summarized as follows.
Correlation of the predicted residual velocities with the experimental measured velocities showed that the predicted values were under predicted for the lower impact velocity range, however showed close agreement for the higher impact velocity range. Implementing progressive damage evolution formulation and considering the interlaminar delamination modelling in future may mitigate the difference of residual velocities at smaller velocity impact conditions.
•
Adding an additional layer of Titanium and a CFRP layer to create TFML-3/2 from 2/1 increases the weight of the target by 58%. The larger thickness of TFML-3/2 increased the ballistic limit velocity by 32% (by experiment) and 37% (by numerical) compared to TFML-2/1.
•
The perforation resistance of the TFML panels were dictated by change in the projectile kinetic energy (E p t /E p k ), and the total contact time shows exponential decay with increases in impact energy.
The plot of contact history shows that the peak contact load increases with increases in impact velocity, even after the ballistic limit state.
Having similar metal volume fraction (MVF), the percentage of energy that was absorbed by plastic deformation of the Titanium layers was found to be constant (approximately 50%) for the TFML 2/1 and 3/2 panels, even though their geometric thickness was different.
At all of the impact velocity range, the damage area in the perforated TFML panels was always larger than the maximum projectile contact area, both in layer wise and at the laminate level. The top metal layer showed a plugging type of failure while the bottom metal layer formed a petaling kind of failure with a visible dome shaped damage surface. Fibre and matrix failure modes of the woven composite layers were symmetric in shape because of its balanced material property, whereas the former had peanut and the latter had rhombus shaped damage surfaces. The homogenized stress tensor at any arbitrary continuum point in the given region 'D' is given by the volume average of stress tensor , , as,
A similar form can be derived at constituent level (fill fibre (f), warp fibre (w) and pure matrix pockets (m)) as,
where = , , and Di is the region containing each constituent in the RVE = ∪ ⋃ , and V is the total volume of RVE = ∑ .
On combining Equations (A4) and (A5), the expression relating the composite and the constituent stress fields can be written in the form: = ∑ (A6) where = is the volume fraction of each material constituent in the RVE.
Likewise, the relation for the homogenized strain tensor between composite ̃ and its constituent ̃ in the RVE is expressed as
Knowing the homogenized stress and strain tensors, the constitutive relation representing the elastic behavior of RVE is expressed as:
Similarly, the elastic relation of each constituents is expressed as = (A9) where and denotes stiffness matrices of composite and its constituents, respectively. Using Equations (A6)-(A9), phase averaged constituent stress and strains can be calculated at any continuum point from the known composite strain. The homogenized stress tensor σ c at any arbitrary continuum point in the given region 'D' is given by the volume average of stress tensor σ(x, y, z) as,
A similar form can be derived at constituent level (fill fibre (f), warp fibre (w) and pure matrix pockets (m)) as, Knowing the homogenized stress and strain tensors, the constitutive relation representing the elastic behavior of RVE is expressed as:
Similarly, the elastic relation of each constituents is expressed as
where [C c ] and [C i ] denotes stiffness matrices of composite and its constituents, respectively. Using Equations (A6)-(A9), phase averaged constituent stress and strains can be calculated at any continuum point from the known composite strain.
